ABSTRACT 5-12-Chloro-4-(trifluoromethyl)phenoxyl-2-nitroacetophenone oximeo-(acetic acid, methyl ester) (DPEI), is a potent nitrodiphenyl ether herbicide which causes rapid leaf wilting, membrane lipid peroxidation, and chlorophyll destruction in a process which is both light-and r2-dependent. These effects resemble those of other nitrodiphenyl ether herbicides. Unlike paraquat, the herbicidal effects of DPEI are only slightly reduced by pretreatment with the photosynthetic electron trans- The herbicidal effects of DPE2 herbicides (rapid leaf wilting followed by necrosis) are caused by a light-and 02-dependent peroxidation of unsaturated membrane lipids (13, 17, 20, 22, 28) . However, the exact nature of the interactions which give rise to this activity are not yet understood. There are three principal hypotheses. The first hypothesis proposes that the DPE is reduced to a radical species by chloroplast PSI and the radical initiates lipid peroxidation. Evidence for this hypothesis is based largely on studies with the alga Scenedesmus obliquus (14, 15).
The herbicidal effects of DPE2 herbicides (rapid leaf wilting followed by necrosis) are caused by a light-and 02-dependent peroxidation of unsaturated membrane lipids (13, 17, 20, 22, 28) . However, the exact nature of the interactions which give rise to this activity are not yet understood. There are three principal hypotheses. The first hypothesis proposes that the DPE is reduced to a radical species by chloroplast PSI and the radical initiates lipid peroxidation. Evidence for this hypothesis is based largely on studies with the alga Scenedesmus obliquus (14, 15) .
Pretreatment ofthe alga with the PSII electron transport inhibitor DCMU protects the algal cells from the herbicidal effects of the DPE oxyfluorfen. The interpretation of this result is that by blocking photosynthetic electron transfer, reduction of the DPE by PSI is inhibited as in the case with the known PSI electron acceptor, paraquat. However, DCMU is only moderately effec-'Supported by a studentship from the Science and Engineering Research Council, United Kingdom, and Shell Research Limited. 2 Abbreviations: DPE, p-nitrodiphenyl ether, oxyfluorfen, 2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4(trifluoromethyl) benzene; acifluorfen, 5-(2-chloro-4-trifluoromethyl) phenoxy-2-nitrobenzoate; DPEI, 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitroacetophenone oxime-o-(acetic acid, methyl ester).
tive at protecting higher plants and the alga Chlamydomonas eugametos from DPEs (6, 17, 22) , even though very high levels of protection against paraquat are observed. It has also been shown that chlorodiphenyl ether analogs in which the p-nitro group is replaced by p-chloro have similar in vivo herbicidal effects to the parent nitro compounds, although their in vitro redox properties are very different and probably preclude radical formation by the herbicide molecule (6, 7, 25) .
The DPE acifluorfen does not inhibit photosynthetic electron transport to artificial electron acceptors but it does inhibit C02-dependent 02 evolution in intact chloroplasts (29) . The site of this inhibition appears to be linked to an effect on the activation of stromal enzymes involved in CO2 fixation. The second hypothesis, proposed by Wettlaufer et al. (29) is that an inhibition of CO2 fixation would result in an accumulation of NADPH and a shunting of electron transport to 02 generating superoxide, resulting ultimately in lipid peroxidation.
The third hypothesis proposes that carotenoids are involved in the activation of the nitrodiphenyl ethers, in a process independent of photosynthetic electron transfer, and which may involve exciplex formation (20, 21) . Evidence for this hypothesis is based on the resistance to DPEs of plants depleted of carotenoid either as the result of mutation or of treatment with compounds which inhibit carotenoid biosynthesis (17, 28) . These results are somewhat ambiguous because of the multiple effects of mutation and of the carotenoid biosynthesis inhibitors (e.g. depletion of unsaturated lipids) (3).
In this paper we introduce a novel DPE, 5-[2-chloro-44trifluo-romethyl)phenoxy]-2-nitroacetophenone oxime-o-(acetic acid, methyl ester), referred to as DPEI, which we have shown using leaf discs to have herbicidal effects with the same characteristics as those of other DPEs. In an attempt to test the first two hypotheses described above and to learn more about the possible causes for the herbicidal activity of DPEs, we have studied the effect of DPEI on two mutants of barley, viridis-zb63 and viridis-mm diameter discs were cut from the leaves of 40 At appropriate times, pieces of leaf (1 x 3 mm) were excised 35 mm from the shoot tip, and fixed for 2 h in 2% w/v glutaraldehyde in 60 mm sodium phosphate buffer (pH 7.4) containing 10 mM MgCl2. After washing for 1 h in 60 mM phosphate buffer the samples were postfixed for 1 h in 1% w/v OSO4 in 60 mm phosphate buffer. They were dehydrated through a graded series of ethanol dilutions (twice for 10 min in 30% v/ v, 50% v/v, and 75% v/v ethanol:water, then three times for 10 min in absolute ethanol), infiltrated with propylene oxide (three times for 10 min) and left in propylene oxide:Taab resin (1:1, v/ v) overnight. They were then placed in 100% Taab resin overnight, which was subsequently allowed to polymerize for 3 d at 60°C. Ultrathin sections were cut on an LKB III ultratome, stained for 20 min with saturated uranyl acetate solution and for 2 min in Reynold's lead citrate solution (1.33 g lead nitrate, 1.76 g sodium citrate, 50 ml H20, 8 ml 1 N NaOH), then viewed (at 60 kV) in a JEOL 100 CX electron microscope.
Hydrocarbon Formation in Herbicide-Treated Barley. Seeds were germinated and grown in vermiculite, under a continuous light of 35 W m-2 at 25C, and watered daily. After 6 d, "normal" and mutant plants were dipped in herbicide solutions or control solutions where appropriate. Great care was taken to support the stem after dipping to prevent it bending over. Dipping was carried out using the herbicide solution in a Petri dish. The solutions used were as in the electron microscopy experiments, except that paraquat was used at 250 uM. Treated plants were then returned to the growth room. After appropriate periods of illumination in the growth room, two shoots per treatment were removed, placed in a 100 x 10 mm diameter test tube, sealed with a Subaseal No. 17 rubber seal, and placed under bright illumination (330 W m-2) for 4 h. Sample heating was prevented using a transparent perspex trough through which water was circulated, placed between the light source and the sample. The 4 h period is included in the time after herbicide application indicated in Figure 5 . A 1 ml sample of the head space was removed using a gas tight syringe and analyzed by GC using a Pye Series 104 gas chromatograph with an alumina column at a temperature of 1 10C. The results presented are the means of four replicates. Table I show that DPEI requires both light and 02 in order to cause Chl bleaching in tobacco leaf discs. After 48 h, 100 gM DPEI caused a 60 to 70% fall in Chl content in the presence of light and 02, but only minor effects were observed if either of these factors was absent. The concentration ofDPEI used in these experiments 
RESULTS Herbicidal Properties of DPEI. The results in

EFFECTS OF NITRODIPHENYL ETHER HERBICIDES ON BARLEY MUTANTS
was much higher than that normally required to elicit herbicidal effects with DPEI because of the low light intensity used, and the submersion of the leaf discs into water. The results in Table II show that pretreatment of the leaf discs with 10 uM DCMU followed by exposure to light in the presence of DCMU caused only slight Chl bleaching and almost completely eliminated the effect of 100 Mm paraquat (cf Ref. 18) . However, the presence of DCMU had little or no effect on the action of DPEI. These results indicate that the effects of DPEI on higher plant tissue have the same characteristics as those of other bleaching DPEs (8, 17, 20, 22, 28) . Furthermore, as in the case with oxyfluorfen (14) the herbicidal effects ofDPEI on Scenedesmus obliquus were greatly diminished by DCMU (JR Bowyer, J Howard, P Camilleri, unpublished data).
One possible mode of action of DPEI could be that it acts, like DCMU, by inhibiting photosynthetic electron transport. In experiments with isolated pea chloroplast thylakoids, we found that DPEI inhibited uncoupled electron transport from water to the PSI electron acceptor paraquat with an I50 of about 15 uM (Fig.  1) . DPEI inhibited light-driven electron transfer from duroquinol to paraquat (which involves the Cyt b(f complex and PSI) but The effects of DPEI and paraquat on the ultrastructure of the barley mutants were also investigated. Figure 2 , A-D, shows the effects of DPEI and paraquat after 25 h in the light on phenotypically wild-type barley from the same stock as the vir-zb63 mutant. The untreated control has the typical morphology of wild-type barley ( Fig. 2A) (23) . The effects of DPEI on mesophyll cell morphology after 25 h are shown in Figure 2 , B and C. Small vesicles appeared in the cytoplasm and chloroplast stroma, and the chloroplasts have become swollen and have moved away from the cell membrane (Fig. 2B) . However, the thylakoid membrane system retained its normal organization, although occupying a smaller fraction of the swollen chloroplasts. In more severely affected cells, the tonoplast disrupted, loss of chloroplast envelope membrane occurred and the plasma membrane detached from the cell wall in places, but mitochondria and peroxisomes appear intact ( Fig. 2C and one of the cells in Fig. 2B ). Paraquat treated cells were severely necrotic (Fig. 2D) . In the absence of light, neither DPEI nor paraquat had any effect on the ultrastructure (result not shown).
The ultrastructure of mesophyll cells in untreated vir-zb63 barley mutant is shown in Figure 3A (see also Simpson and von Wettstein [27] ). The cells contain a large central vacuole, mitochondria, peroxisomes and chloroplasts. The chloroplasts contain well defined granal and stromal thylakoid lamellae, but there is a reduction in stromal lamellae which may result from the absence of PSI, whose surface charge properties are thought to restrict membrane appression. The granal stacks are randomly oriented in comparison to the arrangement seen in wild-type chloroplasts, possibly as a result of the deficiency of stromal lamellae, and this may be responsible for the more rounded appearance of the chloroplasts. Occasionally, dilation of the intrathylakoid spaces at the periphery of granal stacks and of stromal thylakoids was observed (Fig. 3B) . The effects of DPEI (Fig. 3, C-E , showing increasing degrees of damage) were very similar to those seen in the wild type and, again, the effects were light-dependent. In contrast, paraquat had negligible effects on the ultrastructure of vir-zb63 in the light (Fig. 3F) The ultrastructure of mesophyll cells in controls of vir-zd39 is shown in Figure 4A (see also Simpson and von Wettstein [27] ). The cells differ from the wild type in that the apparent grana stacks have a much greater diameter. Mesophyll cells in tissue treated with DPEI and exposed to light for 25 h were severely damaged with complete disruption of all organelles (Fig. 4B) . No ultrastructural effects were seen in vir-zd69 seedlings treated with DPEI in darkness (results not shown). In the light, chloroplasts in paraquat-treated vir-zd69 were slightly misshapen as were the grana stacks, and they had moved away from the cell periphery, but the chloroplast envelopes and tonoplast were intact (Fig. 4C) . No effects of paraquat on vir-zd69 ultrastructure were seen in dark-treated seedlings (results not shown).
The herbicidal actions of paraquat and nitrodiphenyl ethers, although probably resulting from different primary processes, both lead to the peroxidation of unsaturated lipids. These peroxides decompose to produce hydrocarbon gases which can be measured to provide a more quantitative assay of herbicidal toxicity (4, 13) . The results of such experiments are shown in Figure 5 , A-D. Although there are considerable variations in the levels ofethane produced, it is clear that hydrocarbon production reflects the visible effects of the herbicides, i.e. paraquat caused marked ethane formation in the wild-type strains but had little or no effect on mutants with an incomplete photosynthetic electron transport chain (Fig. 5, B and D) whereas DPEI enhanced ethane formation from both mutants (Fig. 5, A and C) . The variations in extents of herbicide-induced ethane formation reflect the great -variation in the rat.e of necrosis from one leaf to another which to some extent must reflect uneven distribution of herbicide on the leaves. Rapid necrosis after 1 d probably accounts for the fall in ethane formation after 2 d from the viridis-zd69 parent wild type treated with paraquat (Fig. 5D) .
DISCUSSION
The results demonstrate that DPEI behaves as a typical nitrodiphenyl ether herbicide, i.e. it causes rapid necrosis, Chl degradation and lipid peroxidation in a light and 02-dependent process. Furthermore, the effects are not reduced by treatment with DCMU, in contrast to paraquat. The fact that DPEI is a very much poorer inhibitor of non-cyclic photosynthetic electron transport than DCMU (1500.24 gM (12) (23) . However, H202 accumulation does not appear to be the primary agent in DPE toxicity (14, 29) . Ultrastructural effects may simply reflect those membranes which are most susceptible to lipid peroxidation or to changes in cell turgor (20, 22) .
Our results do appear to establish clearly that electron transfer through PSI is not essential for DPE toxicity in barley. The viridis-zb63 mutant appears to totally lack PSI activity and redox centers (11, 19, 27) in agreement with those obtained using chlorodiphenyl ethers which cannot be reduced by PSI (6, 7) . They are also consistent with the results of Ensminger and Hess (6) , who have shown that the addition of DPE to isolated illuminated thylakoid fragments is insufficient to initiate lipid peroxidation, even though the pigments which drive photosynthesis (Chl and carotenoid) also appear to sensitize DPE toxicity (5 (1) . Furthermore, the results with vir-zb63 appear to rule out a key role for cyclic electron transport around PSI in DPE toxicity.
The mode of action of DPE herbicides remains a mystery. The action spectrum of the effects (5) and the varying degree of inhibition by DCMU (6, 14, 15, 17, 22, 24) 
